Ten temperature-sensitive mutants of simian virus 40 (36) or transforming infection of restrictive mouse cells (1, 2, 39) . Cells from cultures of human or rabbit origin regularly undergo either productive or transforming infection (2, 19, (33) (34) (35) . Early in productive infection, new antigens (T antigen, U antigen) of unknown function appear in the nuclei of infected cells (11, 20, 26, 27, 30) . Soon thereafter, the synthesis of cellular and viral deoxyribonucleic acid (DNA) is stimulated (10, 13, 17, 28, 40) . Only after viral DNA synthesis has begun can viral structural protein (V antigen) and particles be detected in infected cells which subsequently degenerate (11, 22, 27) . In transforming infection, the production of early viral-induced antigens (3, 20, 26, 30, 31) is followed by stimulation of cellular DNA synthesis, but the synthesis of viral DNA is absent or very limited (10, 14, 17) . V antigen and particles usually cannot be detected in the transformed cells (3, 11, 27, 30) , some of which attain the characteristics of tumor cells. Evidence suggests that the DNA of the virus is integrated into the DNA of the cell and is responsible for the continued production of early virus-induced antigens in the transformed cells (9, 23, 32) . One or more of the viral functions required for replication of the virus in permissive cells may be responsible for initiating and perhaps maintaining the transformation of restrictive cells.
The study of conditional lethal mutants of SV40 should better define the role of each essential viral gene in both productive and transforming infection. This communication describes some of the functional characteristics of 10 temperature-sensitive (ts) mutants of SV40 in permissive cells and the results of mixed infection experiments designed to measure complementation between these mutants.
MATERIALS AND METHODS
Cell culture. AGMK cell lines AH (12) or Vero (5), cultivated in Eagle's basal medium (BME) with 2 to 10% fetal calf serum, were used for all experiments. Similar results were obtained in both cell lines.
Virus. The isolation of parental, wild-type clone SV40-W, the method of intracellular mutagenesis by nitrosoguanidine (NTG), and the isolation of ts mutants of SV40 have been previously described (38) . The isolation of multiple replicas of the same mutant after intracellular mutagenesis was avoided by the isolation of single mutants from any one mutagenized culture. NTG-1 to -12 are the first 12 consecutive mutants obtained by these procedures. Stocks of virus were prepared by inoculating cell cultures with virus aspirated from well-isolated viral plaques. The cultures were incubated in BME with 2% fetal calf serum at 32 C for 2 to 3 weeks, frozen and thawed twice, clarified by centrifugation at 1,200 X g, and stored
Infection of cells. Monolayer cultures were inoculated with virus at input multiplicities specified in each experiment. After adsorption for 2 hr at 39 or 41 C, the cells were washed three times with Hanks salt solution to remove unadsorbed virus, and BME with 10;% fetal calf serum was added to the cultures. Unless otherwise noted, the cultures were harvested by freezing and thawing after 3 days of incubation at 39 or 41 C (restrictive temperatures) and after 5 to 6 days of incubation at 32 C (permissive temperature).
Temperature control. In all experiments, infected cultures were incubated in water-jacketed CO2 incubators (National Appliance Co., Portland, Ore.). CF test. Complement fixation (CF) analysis of sonically treated infected cell material was performed as previously described for T antigen (24) . Viral antigen (V antigen) was assayed with antiserum against purified viral particles, and capsid antigens were quantitated with antiserum against sodium dodecyl sulfate-(SDS) or alkaline-(pH 10.5) disrupted viral particles. Details of preparation of antisera and their specificities will be presented elsewhere (Ozer and Tegtmeyer, manuscript in preparation).
Synthesis of viral particles. The production of viral particles was determined by pulsing infected cells with 10 ,uCi of 3H-lysine per ml for 2 to 16 hr at 2 days postinfection at 39 or 41 C and 4 days postinfection at 32 C. Viral particles were isolated from the 10,000 X g supernatant fluid of sonically treated cells in a CsCl cushion (p = 1.32 g/cm3) as described by Ozer (manuscript in preparationi).
The fractions corresponding to intact virions and empty shells were collected separately, dialyzed against 0.01 M sodium phosphate (pH 7.2), and analyzed for V antigen by CF and for radiolabeled capsid protein by electrophoresis on SDS acrylamide gels (Ozer, manuscript in preparation). Radioactivity was determined by liquid scintillation spectrometry in Tritontoluene.
Complementation. Complementation at 41 C was measured by inoculating mixedly infected tube cultures with 1 plaque-forming unit (PFU) of each of two mutants to be tested per cell. Two singly infected control cultures received the same multiplicity of each mutant. After adsorption, washing, and incubation at 41 C for 3 days, the samples were freeze-thawed and tion by parental SV40-W in AH cells was similar after 20 days at 32 C and 10 days at 39 C. All of the ts mutants exhibited a greater efficiency of plaquing at 32 than at 39 C by a factor of 104 or more (Table 1) . After prolonged incubation at 39 C, six mutants produced a reduced number of small, poorly defined plaques. The remaining six mutants completely lost the ability to form plaques even when shifted down to 32 C after incubation at 39 C for 8 days, indicating that the virus-cell complexes became irreversibly nonfunctional at the restrictive temperature.
Growth characteristics. Table 2 lists the yields of virus after a single cycle of growth at the permissive and restrictive temperatures after infection at input multiplicities of 10 to 50 PFU/cell. The yields are described as the products of singlegrowth cycles on the basis of the high input multiplicity of infection, since most of the cells have been shown to be infected after the initial exposure to virus. (FA assay of the number of cells producing T antigen at 24 hr after exposure at 41 C and 48 hr after exposure at 32 C under the same experimental conditions has demonstrated that more than 95% of the cells were actually infected at an input multiplicity of 10 PFU/cell.) Infection of tube cultures by parental SV40-W and mutant viruses produced similar yields of total infectious virions after 6 days at 32 C. In c Infected cultures were harvested after 6 days of incubation at 32 C and after 3 days of incubation at 39 and 41 C and assayed for total virus production.
d Infected cultures were harvested after 4 days of incubation at 32 C and after 2 days of incubation at 39 and 41 C and assayed for the production of intracellular infectious DNA.
e Not done.
infections with wild-type virus, the yields were approximately equal at 32, 39, and 41 C. Two of the mutants, NTG-5 and 10, produced almost normal yields of virus at 39 and 41 C indicating a high degree of leakiness or temperature sensitivity only in plaque-producing capacity. For this reason, these two mutants were not further characterized. The other mutants produced yields which were 5-to 10,000-fold lower at 39 than at 32 C. The degree of leakiness at 39 C correlated well with the presence or absence of delayed plaque production at 39 C (Tables 1 and  2) . At 41 C, the yields of all mutants except NTG-5 and -10 were more than 1,000-fold lower than yields at 32 C. 3H-thymidine at various times after infection. Supernatant fluid fractions from Hirt extracts of the cells infected by NTG-7 at 41 C were analyzed by velocity sedimentation in neutral CsCl gradients. No incorporation of isotope into viral DNA could be detected, either after labeling with 20 ,uCi of 3H-thymidine per ml during a period corresponding to rapid wild-type DNA synthesis (Fig. 1 ) or after labeling with 5 tsCi of 3H-thymidine per ml for successive 24-hr periods during the 4 days after infection (Fig. 2) . In parallel experiments at 32 C, NTG-7 produced approximately the same quantity of viral DNA as wildtype virus.
The Hirt pellet fractions from the same experiments were processed as described above, and cellular DNA synthesis was determined by measuring the total 3H-thymidine incorporation into trichloroacetic acid-precipitable material with appropriate correction for the presence of virussized DNA. NTG-7 induced cellular DNA synthesis at 41 C at approximately the same rate as wild-type virus (Fig. 2) .
Synthesis of T antigen. For FA assay, AH cells Supernatant fluid fractions were sedimented through neutral CsCl gradients. The total quantity of 3H-thymidine label present in DNA cosedimenting with 32P-marker DNA was plotted above as viral DNA. The pellet fractions were processed as described in Materials and Methods. The total 3H-thymidine label in the pellet fraction with appropriate correction for the presence of virus-sized DNA in each sample is plotted above as cellular DNA. growing on cover slips were inoculated at a multiplicity of 0.5 PFU/cell. Assay of the number of cells producing T (Table 3) .
Most of this antigen was not sedimentable at 100,000 x g. Studies with 3H-lysine-labeled, NTG-2-infected cells showed correspondingly negligible radioactive capsid protein in the CsCl cushion (Table 4) .
The third group of mutants was represented by NTG-7. Although reduced quantities of T antigen were produced in infected cells at 41 C, no V antigen or capsid antigens were detectable by CF assay. In addition, negligible radioactive capsid protein counts were found in CsCl cushions prepared with lysates of 3H-lysine-labeled infected cells.
Heat inactivation. Virions of wild-type and mutant virus produced at 32 C were tested for thermal stability at 41 C to determine the effect of heat lability on the results of experiments carried out at the restrictive temperature. Virus stocks in BME with 10% fetal calf serum were incubated at 41 C for 3 days and titered. Wildtype and mutant virus stocks were not significantly inactivated under these conditions except for NTG-8 which decreased almost 100-fold in titer, indicating that heat lability of virion particles was not the cause of the ts character.
Temperature-shift experiments. The time of expression of the ts defect was investigated by incubating cells infected by a representative of each mutant group at the permissive temperature for varying periods of time and subsequently shifting the infected cells to the restrictive temperature for completion of the growth cycle (Fig. 3) .
The critical period of the growth cycle for each mutant at 32 C was assumed to begin when virus production was no longer completely inhibited by a shift to the restrictive temperature and to end when further incubation at 32 C no longer significantly increased the yield of virus after a subsequent shift-up. The critical period began between 24 and 36 hr in cells infected by NTG-7 (group III) and between 36 and 48 hr in cells infected by NTG-4 (group I) and NTG-11 (group II) and ended between 96 and 120 hr for each of the three representative mutants. At 32 C without shift-up, single-cycle growth curves of the mutants and wild-type virus were similar.
Complementation studies. The yield from mixed Assuming no barrier to double infection, 6% of the total cells would be expected to be mixedly infected in the complementation tests. All yields produced at 41 C were titered at 32 C. In addition, the mixed infection yields were assayed at 39 C to correct for increases in yield secondary to reversion or recombination, which were not found to be significant at 41 C. NTG-7 complemented all of the other mutants by a factor of 100-to 620-fold. The yields of mixed infection varied from 2 to 10% of the yield of wild-type infection at 41 C. None of the other groups of mutants complemented each other, and none of Robb and Martin (29) . No significant inhibition of the production of wildtype virus was observed in any of the mixed infections at input multiplicities of 50 PFU/cell. Representative results are presented in Table 5 .
Infectivity of mutant DNA. NTG-7 and NTG-11 both were found to induce production of T antigen at 41 C by FA assay, suggesting that the infecting virions were transported into cells and at least partially uncoated under restrictive conditions. However, since both mutants produced no detectable V antigen or viral particles, it seemed possible that the genome of the infecting virion was not completely expressed because the virion DNA was not completely uncoated at 41 C. AH cells were therefore infected with purified viral DNA, and the yield from a single-growth cycle was assayed to determine whether incomplete uncoating of the virions was responsible for the defective function at 41 C. Infection with viral DNA of both mutants was found to be blocked at the restrictive temperature as with intact virions ( 
